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FOREWORD

This technology document presents the performance characteristics
of the X-24A lifting body obtained from flight data and compares them
with wind tunnel predictions. The X-24A flight test program began 17
April 1969 and was completed on 4 June 1971. References 1 through 8 are
related documents reporting the flight test results from the X-24A program.

The author wishes to acknowledge the efforts of Mr. David F. Richardson
for developing the computer program used to calculate performance param-
eters from flight data (appendix IV) and Mr. Christopher J. Nagy who de-
veloped the X-24A position error correction (appendix III) . The author
also wishes to acknowledge Mr. Rcbert G. Hoey for his study on tip fin
flow separation (appendix V) and for his advice and assistance in writing
this report.
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ABSTRACT

The objectives of determining the performance characteristics of
the X-24A lifting body from flight test data and correlating these re-
sults with wind tunnel predictions were successfully accomplished. Lift
and drag characteristics were computed from onboard measured accelera-
tions and flight conditions while the vehicle was in gliding flight.
Performance data ,were obtained over Mach number and angle of attack
ranges of 0.26 to 1.5 and 1.5 to 19.6 degrees, respectively. Discrepan-
cies were apparent between different wind tunnel predictions. However,
flight test data generally exhibited lower lift and slightly lower drag
than wind tunnel predictions with the result that flight test and wind
tunnel L/D values were in reasonably good'agreement. Effects of Mach
number, vehicle control surface configuration, and landing gear deploy-
ment on performance parameters were determined. Degradation of flight
performance at low subsonic Mach numbers was attributed to tip fin flow
separation. In Volume II of this report, supersonic performance com-
parisons are made between the PRIME and 1-24A vehicles, both of which
were of the same aerodynamic configuration (SV-5). A significant
degradation in subsonic performance due to simulated ablative surface
roughness was obtained in full scale wind tunnel tests. Flight testing
of simulated ablatives on the X-24A was not pursued; however, the esti-
mated effects of the ablatives are discussed in Volume II.
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INTRODUCTION

The X-24A lifting body flight test program was conducted at the Air
Force Flight Test Center between April 1969 and June 1971. In addition
to proving the unpowered landing capability of this class of medium lift-
to-drag ratio (L/D) reentry vehicle, extensive flight data were obtained
*.o define the handling qualities, stability, control, and performance
characteristics of the X-24A configuration through the subsonic, trans-
onic, and supersonic Mach number (M) regions up to M = 1.60.

Design predictions of the flight characteristics of the X-24A lift-
ing body were based on theoretical. calculations and wind tunnel data
obtained from small scale models. Verifying the accuracy of these data
and investigating the effect of any inaccuracies on vehicle Ierformance
were major objectives of the flight test program. To accomplish these
objectives, performance data were obtained from maneuvers on a fligiht-
by-flight basis for the entire test program. This report presents the
performaznce characteristics obtained from the 28 X-24A flights. Data
were obtained for 7 fixed upper flap bias configurations and 3 rudder
bias configjirations, over a Mach number range of M ý 0.26 to 1.50 and at
angles of attack (,,) from 1.5 deqrees to 19.6 degrees. Flight R(eynolds
numbers (Re) ranged from 12 x ilu to 65 x 106, based on the vehicle
reference length of 23.0 feet. Some data were also obtained with the
lower flaps at zero degrees while controlling with the upper flaps in
both the landing gear up and landing gear down configurations. Flight
results were compared with full scale and small scale wind tunnel predic-
tions. Effects of Mach number, wedge angle, rudder bias, tip fin flow
separation, and landing gear deployment or, flight performance parameters
are dnalyzed al discussed.

In appendices VI and VII to this report (published separately)
hypersonic flight data from the subseale PRIME 2 test program were comnared
to the supersonic X-24A flight performance data. Also included i.; a
study which summarized the results of several tests includinq a full
scale X-2;A wind tunnel test) dealing with the effects of ablative-; on
the low speed nerformance characterissLics of mediWu-1 L/D vehicles. These
effects were applied to X-:4A flight test pertormance ata ir! an atur.pt
to predict the subsonic pe.i .ormance characteristics of an ablated X-24A.

DESCRIPTION OF THE VEIt45CLE

h'l•c overall shape and dimensions of the X-24A are shown in figure 1.
The vehicle was wedge-shaped in planform with a flat bottom and the top
a curved airfoil surface with three vertical fins. All control surfaces
were located at the aft end of the vehicle and consisted of two upper
arnd two lower flaps and two upper and two lower rudders on 1.he outboard
fins. Pilot and stability augimentation system (SAS) inputs in; Ditch and
roll were transmitted mechanically to the lower flap actuators When
either lower flap reached the fully closed position (zero de re,2s)
pitch and roll inputs were transferred through a clappta:v .... nism to
the corresponding upper flap. Pilot rudder pedal arid yaw :;.>.. inputs
caused motion of the upper rudders only as yaw control sirfa,:os. Beth
pairs cf upper and lower rudder surfaces could be deflected symmetri-
cally (biasedi. Also, both pairs of upper and lower flaps could be

2
PRIME (Precisi-n Pecovery !.ncluding hMoneuvering Entry), an urmanned stibscole vehicle of the some confi.uvoaion
as the X-24A (SV-5) which was boosted to orbital speeds on at. Atlas booster.

r _ _



blased within a range of positions. The flaps and rudder surfaces could
bo biased outward from their closed positions to increase the stability
at trns- ;c and supersonic speeds. The flap and rudder bias features
we. OT- by slowly moving trim motors which were controlled by switches
in -. pit. Control surface bias designations and sign conventions
are sh, in figure 6. A complete description of the X-24A flight con-
trol system is presented in reterence 1.

Most flying was accomplished with the upper flaps fixed while ccn-
trolling with the lower flap-. However, two landing approaches were
accomplished with the lower t1aps at zero degrees, with pitch and roll
control on the upper flaps. Upper flap control was also used for most
of thu landings after landing gear deployment. The vehicle configuration
that evolved for flight at Mach numbers greater than 0.50 's shown in
figure 2. The standard approach and landing configuration is shown in
figure 3. A complete description of the X-24A vehicle is presented in
reference 2.

' / ,.,/ ~ 87.6 in, ._ • -

S66.0 
in. -..! , -U -

i -

- ..__...__ ._- ._--'. .______

-294.4 in." 2 9 .4 n . .• - - -- 1 3 8 .0 -• .- - -- --- --- --

Figure 1 Three-View Drawing of the X-24A
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Figure 3 Subsonic Configuration
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TEST METHOD

TPie \-24A flight program consisted of 10 glide flights and 18 powered
flictse sincj an1 XLR-ll rocket engine. In powered flight, the vehicle

waSflw,- t apred-2termrined Mach numbier and altitude at ,; Ch time e
rockeCt enoneli was shut down and the vehicle glided to an anpowered landJ-
inc- A comtplete deseriotion of flight profiles, procedures, end. oh joe-
t ices is o~resen-itic6 in refterence 2.

Allo;rforrpanceý data maneuvers were performed with the vehicle in
gl Idin;ý fl iciht. Nýo atter-,mt was made to obtain lift- and drag datawhl
the rocket c wasie ~ runii- no- or dluring propellant jettison.

Test Performance Maneuvers

~1 ~iU *o rsulopinane aver was used to obtain most of the, perfor-
t:ance fligeýt o1t-a. A cvi>;cal flight mianeuver is shown in fig(ure' 4. T!he
pi 1.otL s4.cad'i ]ly dcicreased ancj].e of attacik to aboutL 3 degree-s , pul led on,
t-o id4 drcand then retLurned6 to7 the, original angeo attack.- The
,ljet tr ion to Perf-orm. t~he tasik enou,,gh to avoid 1 sne pi tch acc,.]--

craiunibut fat nough to kueu M~ach numrber sopnewnat Constant durn 5'! n
manuve. Iradino off tholse two parame errs resulted ini Ln average iuch

neither chiange of, 0.05'- durnn>:. subsonic performance :Laneuvo.rs are 0. 1 Lu
0 .27 -) s supersonic maneuvers. Besides the plannied- purfeýrmrance- rnanca--

"e's rt i r on-l dta ereobtaine2d fromr any: substantial -ý excurs ionr
Wlr2teen ixe rate: was fal rlyý con-stant.

lnstru mentat ion

Acce J.(rortla ns crc i,:35 urecby sen-sitive acce I erelixuez2rs o enms
Lu ~ 'e'i'O3'Scenerot gra-vity.. tl of- attace , anc~le ofs0, sl

5s r t; c. ~~ rsue (P5 ) j,6 en ot-a; nress,.ro were, ri.a-sured 6-Y a stLanu-ato
0] tot s5tateIC tUc2 en a 6 .2- foot njose- 1,11l pl aranieters WT-,cs L I1-,--,---,

to zua a statiaon", nay31 cn7 of.( aiv C ;-ou 1 ut 1:1c 1-n (Cij data a -,-
an7d accre:od or. magnet4-o tape at, the grou'd Ia 1;ator..

Data Analysis

lire, raw.. data '(-sor p~rocessed throcunab-ardct ifO1'ca
e-expeer rog rainl. [:r]a; precram. made- all tile( neesay areri

the dat-a 1:,cltuaa Sn:: -,an eny-sash correction to an!:] e of, Aactu'. a~e
tieserorcu ree-1-2taJ.Ui to eraIs ure t fs-f O ota e z1ýu-*!;s fli

of how tb.-use two corc.aOl -oedevel::ae-d Is i n -a3n ice anl

F-or cue', iLw reeve r, uataWiese1c e at pcint; here I)j tcl TeCl1
tier0: (k)-a: ai.!orexi:iira':ely zuc r. ylis oaý dlone in" an a~tte-art tI.e ciii si:;'
morecen, 3tadt at tlaimiro~d £i ltcord itLionls. 1i g arc - L' Alm: Ic
d-ata selected at hall siCscond erv i ofi rmaneuver, to data of the, na:-u
isncanuver so] retee- at ointsý of ze~ro :Itci teocceleration. hedata eece
at zero 1;± te> ac:cele(,r at' or;i wa. matre consistent- anid slanved a smaller
3catter: band.

110n hliM 1 t2Jiu curinauter program wsused to in-ike additional
er rct oeLo t-he ia chig data and compute? perform,.a:nceL characteristLcs..

Corr-ctionis were r-.eto, the acceleromeiters tor misalignment anld Cipa
-~ ~ ~ i S '"rU-rst Cyg Other corrections V/ore made te the, trim eevto

4w
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Figure 4 rime History of a Pu"hover-I•'uIup Mneuver

posi tion for pi tch r-ate and c9 variaaton frow a rc ference w nd t:unnrel1Cý 4t
of 57 percent. TIhe body axis force coct ficionts were comp uted f rorr the
corrected acceý,lcrations , calcul ated qiro-ss wei 9,,t ( reference 3), and dy -
riamic pressure . Lift coe f ficicnt (CL) , drag coef ýi~cient (CL)) and L,.D
were then computed by rotati ng the boyai oefcet to the stblt
axi-s us:ing true angle- of attack. The body and stability axis coordinate
S ys:tems sh11ow:inIg thIe po s it ive cdirection of forces, mloments, aind angles are
presented in figure 6. A detailed description of the computer program
along with a list of equations, a piogra-mi listout, and a saraple output
arc. ill dpeeuldix IV.
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-1. II X-24A VIEW LOOKING FORWARD

S\ t " -ALL CONTROLS IN NEUTRAL
C NT Ydg) TOSiTION

it

'K~+3i.~'or_~s.) -

CD/

CC

Y

BODY AXES AH4D STABI'ITY Axis
COORDINATE SYSTEM POSITIVE
DIRECTION OF FORCES, MOMENTS.
AND ANGLES AS INDICATED BY ARROWS

V !,

Figure 6 Control Surtace Bias Designations, Axis Systemiis, ane Sign Conventions



WIND TUNNEL TESTS

Extensive wind tunnel tests were p,!rformed on the full scale X-24A
(at M = 0.2) and an 8 percent steel mode] of the aircraft prior to the
flight test program. A wide range of vehicle control surface configura-
tions ýere tested for a Mach number and ,9ngic of attack range which en--
compassed the X-24A flight test envelope. Table I presents a summary of
tile wind tunnel tests that were used for ,:omparison %ith flight data in
this report. Since the performance data Aere greatly affected by control
surface configuration and Mach number, onl; wind tunnel data which cor-
responded to the configuration and flight conditions of a particular test
maneuver were used for comparison. There was an exception in the case
of the full scale tunnel data which were limited to 0.2 Mach number.
These data were only compared to flight data below M N 0.5 in the approach
and gear down landing configurations. All ot.her flight data were compared
to tunnel tests performed on eight percent medels.

Neost wind tunnel data taken with the vehicle in the transonic con-
figuration, (upper flap bias position, AUB = -30 to -40 degrees with rudder
bias position, sRB = 0 degrees) , were obtained from the Langley 8-foot
xwind tunnel. Most tunnel data taken at the low subsonic and approach
configuration (.VUB = -10 to -30 legrees, ARB = -10 degrees), were obtained
from the Langley 7- x 10-foot wind tunnel.

Additional wind tunnel tests were performed later in the flight test
program at the Cornell Aeronautical Laboratories using an eight percent
fiberglass rmodel. The main purpose of these tests was to obtain tddi-
tV10anal stauiiit' LILua UUIILIUi L&'o~-LL tco- Onl am...--.-- Pe-
formance ('ata was obtained.

75"
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Table I

SU1MMlARY 0F WIND TUNNEL TESTS

i4 iod Upor i~owr fudde,

Tunnel Flap Flap n rias .
Size Mach Raoge Setting ttig etting e 7-9

xf.) Date Nc• _ (deg)__ (deg) (deI i (deq)

NASA - Laiiq ley (8 pct X-24A model)

" 8 A-- '--pr1965 0.60 T0 to 2-4 20 0 5-86

Oct 1965 0.80 0 to 24 20.30 6.9c,

0.901 0 to 24 20,25,30, 7. 2
40

0.95 to 18 20,30 7.17

1.00 10,20,10 5.68

1.20 20,30 5.81

0.80 - 0 to 24 -35 20 6.96

0.90 0 to 24 20,25 7.32

0.95 0 to 18 20,25 7.47

0.40 0 to 24 -30 0,10,20 4.25

0.60 13,15,20 5.83

0.80 10,15,20 6.96

7x10 jun 1968 0.50 -, to 20 -10;-15, 0 -10 5.41
- 20e,-25 _ - I

Jul 1968 0.50 -4 to 22 -30 20 5.41

0.6 -30 20 6.4,"

-25 6.42

07-2E5 10,15,20 7. 1

[14 1~c-0 5s,10,15,20

0.70 7.18

O.sO 5,015 541

North An rican Avtat•on (8 pct X-24A -odel?

NASA - AneS (Full scale X-24A vehiclu)
• - __-I 5,-I0,9

0.20 -,-0

0.20 -20. 0,10,20

0.20 -5 ,-100 0

1.20 -20 0,5,10,
15,20,-5

0.20 720"* 10,20

0.20 -60°. 0,20,38

Ccrim-11 Acro I.a!,oraton y (s pcct X-24A fibergia,:; mcdeJ

.5 . I to
0.80. 3

0.9•,
1.10:
1I .30

CCa r cdowl

'l/ith simulated ablativeýs
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COMPARISON OF FLIGHT DATA

TO WIND TUNNEL RESULTS

Performance flight test data are presented in figures 1 through 30,
appendix I. Plots cf C1, and CD versus angle of attack, and L/l) arid CD
versus CL arc shown for all performance maneuvers flown and analyzed.
All fliaht test data points were trimmed data corrected to a 57 percent
reference cg for comparison with tunnel data. Curves were faired throughi
the flight data points and are Dresented as dashed lines in the figures.
The plots are sequenced in order of decreasing upper flap bias configura-
tion, ending with data from the closed up approach configurations and
gear down data. For each upper flap configuration, a set of performance
data is presented at each individual Mach number for which flight test
data were obtained and placed in order of increasing Mach number. A
complete log of all flight: test performance maneuvers is presented in
table I, appendix 1. For eacn maneuver, flight data were compared to
all available wind tunnel trim points (zero pitching moment coefficient.,
for that flap setting) obtained at the corresponding Mach number ani
vehicle configuration. Where two or more trim wind tunnel noints were
availabll at one upper flap setting, a curve was faired through them to
represent a trimmed wind tunnel curve at that upper flap configuration.

The Cornell wind tunnel trim points for the configuration in which
6UR = -40 Jegrees arnd 5CT. = 25 deqrees generally exhibited much higher
trim dngles of attack than both the Langley 8-foot tunnel and the flight I"

data. This is suspected to be the result of a small error in the tip
fin dihearal for the fiberglass model, it has been assumed that this
discrepancy affected only the pitching moimient data. The Cornell data
points used for comparison with trimuued flight data were therefore
selected at the flight determined trim angle of attack for that flap
con figuration.

During the flight test program there were no planned attewpts to
gather data at different Reynolds numbers. In some cases, however, two
or more performance maneuiers were accomplished at the saae flight con-
ditions and vehicle configuration, but with different Reynolds niuibers.
in the flight data presented in figures 3, 5, 9, 11, 17, 2-, and 28,
appendix I, half solid symbols separate the maneuver which differs most
in Reynolds numboer from the other maneuvers at each flight condition.
Five different vehicle configurations and Mach nui:luers ranging from 0.5
to 0.9 are represented in these maneuvers. Reynolds numbers are referenced
to tihe 23-foot reference length of the X-24A. Table Ii presents wind
tunnel and flight Reynolds numbers for the entire flight Maci n umber

range.

''heurc were no variations in the flight test performance parsmetcrs

wihich could he attributed to Peynolds number effects within the range of
Reynolds numpbers flown. Since the fliqht values of Reynolds numwber weie

always significantly larger than coirasponding wind tunnel values, no
conclusions could be reached as to the influence of Reynolds nwtf)er on

the perforwance discrepancies observed between flight test and wind
tunnel results

10



Table 1 I

FLIGiHT TEST AND WIND T'UNNEL PEYNOLDS NUMBlER COMPARISON

Reynolds Number x 10- 6

____ wind Tunnel Tests Nlight 'Test
Mach Langley Langley Cornell Ames FulF Transonic" S ubsonic

No. 8x8 ft 7x10 ft Aero Lab Scale Confiquration Configuration

0.20 29.4

0.35 4.32 44.6 to 54.2

0.40 4.25

0.50 5.41 7.50 29.9 to 40.5 34.3 to 64.9

0.55 36.9, 39.6 27.5

0.60 5.83 6.42 27.2 to 34.9 35.1

0.70 7.28 18.2 to 42.1 32.3, 38.1

0.80 6.96 7.62 4.50 15.1 to 38.7

0.90 7.32 18.6 to 30.5

0.95 7.47 4.00

0.97 17.3, 19.4

1.00 5.68 14.9, 20.1

1i 10 n .z.), -1.0 i
1.20 5.81 12.5 to 1.5.6

1.30 3.25 12.5 to 16.6

1.4,- 16.6, 17.5

1.50 17.5

All supersonic performance flight data should be viewed %.'ith re:s"eect
to the higqhly transient conditions, under which they were obtained. A
very limited amount of data was extracted fiom five different m•tnvcr
dur-ing four different fliohts. All maneuvers were performed during pcriodo,.
of rapid deceleration with the aircraft undergoing 4 chsnges of 0.10 to
0.27. in addition, this rapid deceleration was in excess of tl-e nicasauling
range of the sensitive longitudinal accelercmeter (+0.5 ' s) . A less sen-
sitive (+2.0 g's) accelerometer had to be used to copnute axial chord
force. 'i'hereforc , general trends of supersonic data should be w0ell repre-
sented, but definite distinctions between data at difierent supersonic
:1ach numbers couhld not be determined as accurately as in the subsonic and
transonic Mach number regions.

11



LIPT COEFFICIENT

l if t coO fticient. data shiown in ficiures- 1 thirough 30 , appendix 1,
%\.ere In oeneral agreemient. w-Atli windt tunnel predictions at low anigles o1
attack (tvo to six degri-ees) , but dropoe)d below p-redi ctio'- 3Li at ighier
ane loes of attack . F(iurer 7 , wiii ch presents da-ta at. 'U8ý -40 decirees :iad

Fpr0 decrees at. 0.8 M1acli number, is a goou, examrie of this effect.
El ighit values of trimmeod lift- curve slopec (CLI,) rangeLd from 12 percent.
abo0 to 20 percent below trimme~d wind tunnel valuies o~btained from tLhe
la'ngley 8-foot and 7- x 10-foot wind tunnels for all Mlachi numbLers, and
vehicle configurations. Cornell wind tunnel values of lift coufficitent
sho0wed excellent agreemenit withi fli, 1iht data wheon comprared at flight trim
angjles of attack. Then one trim lift curve obý_ainec9 front thec Cornel 1 te-sts
in the -U11 = -13 degrees app)Troachi configuration was in excellent agreettent
wi-th flighit data (figure 27, appendix 1).

Supecrsonic fI iglit lift data are presented in fig ures 7 and 8, apper;-
niix I , for -40 decrees upper flan) bias vitli 0 degreeýs and3 +2 de'irees-
rudder bsresnecti vely . Supersonlic flighit wa; riot per7formed w.Iith
upper flap bias settings othier t~han -40 degrees. l)a-t~i at zero dlegrees

OBfrot~i.i = 1 .1 to 1 .2 comp~ared we]ll witli the Lang] cy 8-foot wintd tutnnel
curve at M1 = 1.2. El'i ght djata at 42 degrees A P,3 from i 1.4 to 1.5 shiowed-,
good agreement w. ithi the Northl American Avi at ion 7- x 7-f oot wind tunnel
curve at M = 1.4 and +10 degrees rudder bias (figure 8, aipe~ndix 1).

Full scale wind tunnel Ct. 's %,ere iii good agreement %iAtii fl iqcit

sloes in theo two appj-roachi configurations . However, wind tunnel vle
of C1. for- atny parti cular anlel oif attack were general lv highelr thiroughrout_
tliuw i diigLu ( ijrs27 and~l 2G , appenc1Ji x T)

Gear down flight data were obtained at two different cont rol sulrfaceý
configurations and 'w.o nose gear door configura tions 3 'ih dt r
presented in figýir 2 9 aind 30 , ainpend ix I , alIong w-.i t 1 fuLll sca le w.i nd
tunnel gear dow-n cr. yes. The flighit data we.(re scattered, due to the dli t1-
ferent confi~gurations, prob~able ground effects , and large cont.rol nut ions-
as-sociated w-i di the actLual landings;. Both1' setsý of fli t~it da'tal have.1 t,:11
same lift curve slope wAiic'm is gjreater t-itan the full scale, wi nd tunrial

3 The nose gear duo; was cig.inally perpendirulci to the body X-rcference axis anid was replaced prior to flight 9 by one
canted at a 45-cdegree angle. Full scale wind tunnel tests were performed with the perpendicular note gear door.

12
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DRAG COEFFICIENT

Di~ ~ ~ ~ ~~~~~~( %, '"oIfic itI d10 ttd\csu aug 1 e at dL tack' and aliso

-, -Irag polars (Clo vs- C1.) an figures 1 throughl 30, diptifndix 1 . Ei

dIata showed a] igltlv lower dr.-g than the Langlecy eight-foot wimni tulnnel
c urves for time transemli a vehicle con tiguirations ("'L13 = -40 , 35, and( -30
degroes wi tih ýR = 0 degrees) at all 'Mach numbers. Figlure 7, w-iiich
presents data in the U11 = -40 degrees. and11(' 0 deglrees configurat ion

ait 0.9 Mlach number, is a goodl example of this., trend.

Supersonic f~qttest. dragj data at- 0 degirees rudder hisand -40

degrees uipper flap biais -~lr 7 , am yenadlix 1) %wore lower th tyit lang lu

bi.as . Drag polar data, however, were not as cons3istent wi,,it the wind
tunnel curve and exhibited a much different dragi polar curvature (drag
due to .jIi t- . The -12 degrees 1A13 data were lessSr scettored than the Zero
degree Ppi fli gut data. However, there w~as insufficent data to draw! an:,.
conclusions, as to thec pcýi formanco effects of positive rudder de Ilecti on.

Tlie fliglmt Crag data obtain'ed at thie smaller upper flan cormf cur-a-
tions, Iip -8 to -23 degirees) were cornoared- to Lanelco-- 7-- x JO-foot-
wi nd t unnel aI 75tnd shlowed exc 1l~ent agreement (fi ue 21 t iiiomgr 28,
apinendi x 11

CorilO I I wi noc I.lmflfei oraGj va] uns: fora;t neci %,iiin tiCu d-k/ kLi] 4.91 -3

degrees c-onfigura-tio an: d selected at flight trim' angjles of attaick %aore
in cocci agroemlmolt w-it:; fli gllt uata (figures 1 to 6 , appendi x I ) . TheI
t r immed Co rne-tci 1 d ragq a nd d rag p ol1a r cu r ves o bt'al n od0 wxit!m t ie -Uli = -13

degres ad =-10 dog ro-Ces con figourat ion a]-c so agreec; well wi tim f 1l lit.
dat-a at lots Cj s , but. exh ibi ted hi nonr values of Clp thanm did t10 f I i g (It

io,-ta a~t Cl.' a above 0 .3 (fi gore 27 , appondi x I )-

1lul1 scale wind tunnelI drag vc-rsus angle of at tack- data- '-:Orei in
exel len arcutwihfjt tsdata i n tile L\.Oanfroa ci: Cuntf`grC

t i ons . D)rag pal a s fro the to 11 scale tunnel termsi a L w ouind~mry at?7
theO fIioh t d at a ic ittoer ; t:i the tilt' lar]gy 7- x 10-- foot wind tunne I datai
forminq the uirnc) boundamry. All of tile fbigillt 90110 downfi (tr-a'1 data w"-ore

id (ti~ll Scale wi;nd t unne1 m~rdi ctiens.

LIFT-TO-DRAG RATIO

i'i f t-t-o-dlragt r atio fla s:t. data plotted versuis lift Ccoi" i cient arc:
-oIij)3 red to w mdunne 1 clot a i n f i gilrea 1 timrouoh; 30 ,Cl'OtixI. 'igit
ciata wore' generally ill good agreemewnt or slightly above the, Langley 8-
foot and 7- X 10-foot w'ind tunnel data. Duo to stabil i U' bounearies,
nWam' of tile fl ic ;ht manetuvers in the I riansoni c Coll f i gur-ationi; and at imic~i
,aide]n:; Ilmilbers w-.ore not taken to an angTle of attack high enough to, roach
!-an moms 1,/D. 1In most ease:; wh~ere, fli gult maneuvers wore, taken to theic
'daXl mum yil tile \7O I or s 0! mlax-imumn 1~,/i) and correanondinq 1lifUt coatff ici eir r
con'!aarod w11wiLIarlaetra wnd- tunnel cuirvs

F'unorsonic ],/D)lih dat~a at 0 degrees rudder bias (fi gure 7,
or;di1) in Lthe 'I = 1.1 to 1..3 M)acl nu.mber range w-.ere in gent1. aoeem
-------- ; anzley 8-fo-ot w.,ind! tunnel curve at 11 = 1 .2. Plight i'/P dat-a
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at +2 degrees 6RB in the M - 1.3 to 1.5 range show good agreement with
the North American Aviation 7- x 7-foot wind tunnel curve at 1 = 1.4 and

= +10 degrees (figure 8, appendix I).

Flight L/D data did disagree with the Langley 7- x 10-foot wind
tunnt:l L/D curves in several cases. In the 4UB = -21 degrees, ýRB =
-10 degrces configuration at 0.5 and 0.6 .lach numbers (figures 23 and
24, appendix I), flight data appear to reach maximum L/D at a much lower
C, than the wind tunnel, and drop well below wind tunnel L/D's at the
higher CL's. This data was obtained across the boundary of tip fin flow
separation which is discussed in detail Jn the Tip Fin Flow Separation
section.

Flight L/D data also differs from the Langley 7- x 10-foot wind
tunnel data in the approach configurations (figures 27 and 28, appendix I).
Flight data is generally higher in L/D than the tunnel curve which is at
tne low boundary of the scatter. The full scale wind tunnel curve forms
an upper boundary of the scatter so that the two wind tunnel curves form
an envelope enclosing the flight data.

Cornell wind tunnel L/D points at the tUB/ýel = -40/25 degrees con-
figuration, which were selected at flight trim angles of attack, were
generally in good agreement with flight test data (figures I to 6, appen-
dix I). The Cornell trim L/D curve at the 6UB = -13 degrees, ýRB = -i0
decrees configuration was also in reasonably good agreement with flic"ht
data (fioure 27, appendix I).

Flight gear down L/D data are compared to full scale wind tunnel
oear down curves in fioureL 29 nd 30, np!:niia± i. ThI 'iht 'ata
acnerally exhibited higher L/D's than the wind tunnel curves. Flioht
data obtained wiLh the canted gear door were generally slightly higher
in LiD than those obtained with the pernendicular gear door.

FAIRED FLIGHT TEST

COMPARISONS

Caired fligit data are oresentcd in terms of CL and CD versus ,
and L/D and CD versus CL. Faired flight values of CL 2 versus Cf) art) also
presented, Comnarisons are made to illustrate Mach number, wedge angle,
and rudder bias effects on performance characteristics, in addition, the
effects of tip fin flow separation and landine gear deployment are
analyzed.

MACH NUMBER EFFECTS

Por twe transonic control surface configurations (-U3 = -40 degree.s
anrd -30 degreces with •RB = 0 degrees) faired flight curves are compared for
the entire Pach number range in which data was obtained, in order: to
show lach numiber effects (figures 8 and 9).
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Lilt CoefflcionI

Data were obtained with -40 degrees upper flap bias for the entire
.ach range of the program from :i = 0.5 to 1.5 (figure 8). In the subsonic
region from M = 0.5 to 0.9, there was little change in the CL versus
curve as a function of Mach number. The actual data points fell within
the same scatter band. The C1, values for a particular trim angle of
attack began to decrease slightly as transonic speeds were reached, and
decreased greatly at :'ach 1.0. Values of CL reached a minimum at about
"M 1.3 and increased slightly at M = 1.4 to 1.5. The CL, slopes did not
chanqe significantly with Mach number.

The same general trends are apparent but not as well defined in thu
C, versus -- data for the -30 degrees upper flap bias configuration (f;cr 9,.

Drag Coetlicient

TaireE: drag coefficient versus angle of attack curves and drag polars
ar-. :,rcSeflfo in figures S and 9. Fiqure 10 summarizes the zero lift drag
(Pt, )xvariation ..i ti Mach number for the two transonic vehi.cle confriura-
ions (½_; = -40 degrees and -30 decrees with 'IPT = 0 decrees) . Zero lift

215.; were obtaines, .v cxtrapolating tie nearly linear Cj vers;us Ch ;ur
LOC = 0. in addition, curve-! reopresentinri Cu at: 10 degrees anle- of
attack (CD := ) are presented to illustrate the effect of drag due to

ift throughout the Mach range and to sh ,,w h',' total dra- coeffcientn
varj(]. for a realistic flight angie of attack. SubsonicalIlI zero li ft
crag i.ncrcased s lieht]y with increased ,ach number. A drao Jiver c
,a L at Macn rnte r of about r.. "'laxim-un erao occurred at 1.1"
hc.a ýLner cnd then slowly decreasea with increasidel "-c: :.
conparason of the two drag curves with -U4 = -40 derJees sin's that drag
due t- lift for this configuration was practicallv constant cau u

juCn range Values of C D-10 were greater than values of p0  a cC ips ta. -

C., of about 0.04. -or the other transonic confiouration i =w -3j

de.Trees; -Iqý = 0 degrees) , d]rag due to lift a•v•u'ec to rncreao .i Ut :-.
nottI)ei- subsonically. hile sup r•-sonic oai fes lar',. CI) V. '.e2 i7 auC-"

o¢n a .'er',' limgited amount of data ar.t w, ere rc. : r.: -; , t i..a: . -

senic values. ho.ever, there r.'a:n ensoui 1 nornc t' :it th:
e>:xuc cted relations hi v ho tones• urag and Macit n no)•r

L) ,. i'
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Lilt-to-Drag Ratio

Faired L/D curves are plotted against CL in figures 8 and 9. The

L/D decreased with increased Mach number for both configurations. In
figure 11, maximum L/D is plotted against Mach number for all fixed upper

flap bias configurations for which performance data were obtained. Values
of maximum L/D were obtained directly from the flight data in appendix I

for those cases in which the flight maneuvers were taken to L/Dmax. For

those maneuvers i.n which L/Dmax was not attained, flight lift and drag

data were extrapolated to higher angles of attack to obtain the most
plausible values of L/Drnax. The curves show that maximum L/D decreased

sharply with increased Mach number in the low subsonic region and leveled
off in the transonic arid supersonic regions. Figure 11 also indicates
that this subsonic decrease in L/Dmax was generally smaller at the higher

upper flap bias configurations. The degradation in L/Dmax with increased

Mach number at low subsonic speeds was attributed to tip fin flow separa-

tion and is discusseJ in the section of the report with that title.

CL 2  Versus C 0

Faired plots of CL2 versus CD are presented in figure 12 for the

SUB = -40 and -30 degrees configurations. In the 6UB = -40 degrees con-
d (CL2 )

figuration, the slopes of the resulting straight lines ( ) are 2.6

in the subsonic region (M = 0.5, 0.6), decreasing to 1.9 in the transonic

region (M = 0.70 t- 0.98) and ranging from 1.89 to 1.40 at supersonic Mach

numbers and zero . 'er bias. Supersonic data at +2 degrees rudder bias

- d(CL 2 )
were so limited th. faired dCD slopes were not of sufficient accuracy

to show trends. At dhe smaller upper flap setting (6UB = -30 degrees),

the CL 2 versus CD slopes had a value of about 2.7 at M = 0.5 and 0.59 and

showed a steady decrea with increased Mach number.

4N
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WEDGE ANGLE and RUDDER BIAS EFFECTS

The variable features of the X-24A flight control system allowed
performance data to be collected over a reasonably wide range of upper
flap, lower flap and rudder bias positions. Representative faired data
at 0.5 and 0.9 Mach number are shown in figures 13 and 14. At 0.5 Mach
number, trim test data were obtained at upper flap bims settings of -40
and -30 degrees with 0 degrees rudder bias; and at upper flap bias settings
of -30, -21, -19 and -13 with -10 degrees rudder bias. Data were also
obtained while controlling on the upper flap (½LB = 0) at -10 degrees
rudder bias. Because of the predicted poor stability levels at high
Mach numbers and small upper flap settings, performance data were limited
to -30, -35 and -40 degrees upper flap bias at 0.8 Mach number. These
varialble control settings were extremely effective in altering the per-
formance of the X-24A especially at 0.5 Mach number where maximum Li/D
was doubled by closing the upper flaps from -40 to -13 degrees.

The primary effect of the flap bias feature was to alter the base
area and thus, the base drag of the vehicle. When the upper flap was
extended a pitch--up moment was produced which was counteracted (either
by the pilot or the control system) by extending the lower flap the
proper amount to remain in trimmned flight. When the upper flap was re-
tracted the lower flap was also retracted to remain in trim. The change
in base area associated with upper and lower flap changes was therefore
aditive and re!i-nr1 to the change in the total angle between the upper
and lower flaps, or wedge angle (ow) . Movement of the rudder bias sur-
faces on the tip fins did not directly alter the base area or base drag
of thet vehicle. It did result in a strong indirect effect since the
rudder position influenced the pressure in the area of the upper flaps.
When trne rudders were biased inboard a large pitchup moment was produced
(similar to extending the upper flap). This moment was counteracted by
either opening the lower flap or by closing the upper flap, thereby alter-
ing the base area and thus the base drag.

1I
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Wedge Angle Effects on Trim Normal Force Coefficient

Since the centers of pressure of the upper flap, lower flap and
r.dders were essentially the same distance from the center of gravity
it follows that for trinumed fli-Iht, the trimmed normal force coefficient
(sN) would be independent of the fl.aD or rudder bias configuration (fiqure
15). This effect was apparent in the analysis of all wind tunnel data
and is confirmed by the flight data shown in figures 16 through 18.
Within thle scatter of the test data the trimmed CN curve is unaffected
by changes in the upper flap bias setting or rudder bias settintg. The
lines represent the data from the Langley 7- x 10-foot wind tunnel for
all flay• configurations. The slopes of Cjq versus angle of attack were
less fur flight test data tlhan for wind tunnel data.

...- CI aN

kW Cn H H Xt

-7,

Cr10, Xt CNt 0 FOR TRIMMED FLIGHT

CNT N I CNt

WHERE c;. Cm FOR ZERO CONTROL SURFACE DEFLECTIONS

CNo CN FOR ZERO CONTROL SURFACE DEFLECTIONS

Xt :TAIL LENGTH (approximately the some for upper flap,
lower f!op and rudder bias)

CNt CN AT THE TAIL REQUIRED FOR TRIM

NOTE:

The magnitude of CNt required to produce trimmed flight is the same regntdless

of wl,ich control surface is used.

Figure 15 Induced Normal Forces for Trimmed FlightIit
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Wedge Angle Sffects on Chord Force Coelficient

Early analysis of wind tunnel data indicated that chord force

coefficient (Cc) for a particular Mach number and trimmed CN could be

related directly to total wedge angle, regardless of the positions of

the individual upper or lower flaps. Furthermore, this relationship

appeared to be parabolic [Cc = f(w: 2 )].

The faired lines of figures 19 and 20 at 0.5 and 0.8 Mach number are

cross plotted as Cc vs •w for constant trimmed C• in-, figures 21 and 22.

These curves are essentially parallel and do exhibit a parabolic shape

at 0.5 21ach number and w.edge angles below 50 degrees.

S
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The flgt a points were normalized wiith respect to ,usn 109 inG

tunr'1 alelo CC, for the -30 degrees $,Up, ±20 degrees EeL confic'ara-

tio .hes pontsare shown plotted versus Eu;2 in figures 23 an(u 24
andconirm teparabolic varc3ation of Cc with -w. Tha sac _qInt lirne
show oneac ofthese figures is the slope --stabli1'shed froml prnor analy-
sisof indtunelaata and was used in the M-24A simulttor.

Flight data points of trimmed Cc at 0.5 Ma-ch number are compared
%.ith simulator values of total trimmed Cc for Lbe sme flght cano± Lions
Jn figure 25. The simulater values compare well 9ihflg data except
at the high wedge anulos where simula-or values wr or iehat hle or than

the flight data.
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Wedge Angle and Rudder Bias Kfgecte

on Lift-to-Drag Ratio

The combined effects of 5w and 6RB on the litt-to-drag ratio at 0.5
Mach number are shown in figure 26. The indirect effect of rudder bias
on the performance characteristics is evident by comparing the zero de-
gree and -10 degrees 6RB lines in this figure. The vertical separation
of these lines indicates a small apparent improvement in performance
(approximately 0.1 L/D) associated with biasing the rudders inboard at

two -30 degrees 6 UB points, however, shows that this small positive incre-
ment is more than counteracted b,, the increase in wedge angle associated
with extension of the lower flap to return to trim. The net result is a
decrease in L/D of approximately 0.3. Note that the vehicle could also
be retrimmed by retracting the upper flap and thereby decreasing the
wedge angle and increasing the L/D. This is indicated by the solid point
in figure 26 which is an interpolated point showing L/D at 0.3 CN resulting
from a configuration change from 0 to -10 degree, 5RB, while holding the
lower flaps fixed at 17 degrees and trimmiP'g with the upper flaps (decreas-
ing from -30 to -22 degrees).

Speed Brakes

Prior to flight nine, the automatic rudder bias feature was repro-grammcd to follow the upper tiap h'ac so that thic zudd3ci bias and Hpper

and lo,.wer flap bias trim changes wrould tend tc cancel (reference 1)
Thus the flaps and rudders were electrically linked together and could
be extended or retracted with a minimum trim change apparent to the
pilot. This "speed brake" feature was used by the pilots thereafter
during the landing approach. Flight data points obtained during the
extend or retract cycle for two values of trimmed CN (two Cl's) are shown
in figure 27 and coripared with previous data obtained from pushover-
pullups at -onstant rudder bias settings. The total variation in L/n
available t irough the use of the upper flap bias "speed brake" is shown
versus CL S/W and Ve in figure 28. The shaded portion of figure 28 pre-
sents the actual amount of speed brake used in the program.

3_
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LANDING GEAR EFFECTS

Figures 29 and 31 compare gear up and gear cown faired performance
test data in the ½LB = 0 degrees, 6RB = -10 degrees control surface coil-
figuration. Gear down curves exhibit a greater lift curve slope, increased
total drag and significantly lower L/D's when compared to corresponding
gear up curves. The differences that were apparent between the gear up
and gear down data were not due solely to the landing gear. Since de-
ployment of the landing gear produced a nosedown trŽ n change, an increase
of approximately five degrees of upper flap was required to remain at
the same trim lift coefficient.

The gear down lift coefficient versus u curve (figure 29) is below
the gear up curve and has a steeper slope by 21 percent. The reduced
gear down lift coefficient at the same angle of attack was a result of
the down load at the tail (increased upper flap setting) required to ccm-
pen!,ate for the trim change. (This increment as applied to the gear up
curve is shown as the dashed line in figure 29 and is based on flight
measuri- values of CN reference 5.) The apparent increase in lift
curt.e slope is probably due to ground effect since gear down data were
obtained during actual landings in which the gear was extended Lbtween
40 and 120 feet above the ground. The data at the hiqher angles of attack
and slower soeeds were obtained closer to the ground and were therefore
more strongly influenced by ground effect.

The total drag increment observed was the suim of the landing uear
drag and the increased base drag resulting from the longitudinal trIm
chane, To nhfain the drac increment due to the landino qear alone tie
difference between the gear up and year downL curves in, figure 29 :,-;a o-
tained and a correction applied for the five-decree difference in wedge
angle using data in figure 21. (Notice that this correction was cuite
small in the wedge angle range of 15 to 20 deqrees associated with land-
ings.) The resulting "rag coefficient increment due te iancling gear
alone was between 0.030 and 0.035 (figure 30).

Gear up and gcar down L/D data are compared in ficure 31. The de-
ployment of the landinc year caused a 37 percent reduction in the aximum

L/D.
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TIP FIN FLOW SEPARATION EFFECTS

T-p fin flow separation was noticed on early X-24A flights. A study
was made to determine at what conditions separation occurred. The re-
sults of this study are reproduced in full in appendix V.

generated and presented in terms of apparent angle of attack for local

tip fin stall versus Mach number. Analysis of wind tunnel data indicated
that as upper flap setting was increased, static stability also increased
thus apparently reducing the severity of the separation effects. Eowever,
the angle of attack at which separation occurred remained the same for
all upper flap settings.

Figure 32 presents a comparison of this boundary with the full rancre
of flight performance subsonic and transonic data obtained during the
program. If the boundary is correct, a comparison of data in the un-
sepa1rated and the separated regions, should show decreased performance
in the latter. Also, -the effects should become greater as upper flat
setting is decreased. Performance flight data appear to substantiate this.

Figu-es 33 throuqh 35 show faired flicht data in terms of L/iD versus i
angle of attack for three upper flap settings for a range of Mach numbers.
The solid part of each curve represents data obtained in the unsenarated
region. The dashed part of each curve represents data obtained at angles
of attack above the separatLon boundarv (scparated flow on the tin tins). V
With the upper flaps set at -40 degrees (figure 33), there was a gradual
decrease in L/Dmax with increased Mach number, probably due mostly to Mach
number effects. Data o& tained with the vehicle in the other two trans-
onic configurations (-UB = -35 and -30 degrees) exhibited similar trends
and were not shown. However, with the upper flaps set at -23 and -21
degrees, drastic differences, both in maximum L/D and in the total share
of the L/D curve, are apparent between data obtained in the separated
and unseparated regions (figures 34 and 35) . The miximum I,/D is drasti-
cally reduced and a significant flattening of the curve occurs in the
separated renion. The dramatic differences L_.tueen the 0.5 and 0.? Mach
number curves at -UH =-21 dearees, and the Mi = 0.56 and 0.68 curves wtlti

U,5 =-23 degrees, are very similar. At 0.6 M1ach- number with a -21 degrees
up-er flan setting, the separation boundary was crossed about midway
through the maneuver. The data show a definite break at the boundary angle
of attack and approaches the totally separated curve at 0.7 Mach number.
Therefore, the flight performance data appear to correlate very well with
the separation boundary.

Figure 36 presents X-24A flight da:a at three upper flap settings,
along with small scale and full scale wind tunnel data in terms of maxi-
mum L/D versus Mach numbe)r in the subsonic to transonic region. The data
copilare very well except for low speed data in the dUB = -21 degrees
upper flap configuration. Wind tunnel performance results were slightly
ontinistlc with respect to M'ach number or angle of attack in prediction{
LOD in the transition region between separated anr' unseparated flow. This
trend was also found w..ith the L-10 lifting body kreference 9)

Dhue to the significant effects of this type of separation, it is
:-:.i.y,rtant that wind tunnel studies accomplished prior to the test flight
- .r-'rar be analyzed for these trends. Wind tunnel stability measurements

i , l. 'oc. more signi ficant and gave, a much clearer indi cation of tip fin
"".,e;aratLcn than did wind tunn.Jl performance measurements (appendix V)
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CONCLUSIONS
A large amount of performance data was obtained during the X-24A

71ight test program which confirmed the design ijoals of a sibsonic L //ax
cf ovcr 4.0 and a suoersonic L/Dmax of approximately 1.25. The perfor-
roance characteristics of the vehicle were defined for a variety of vehicle
control surface configurations over a Mach number range of 11 = 0.26 to
1.50 and at angles of attack from 1.5 degrees to 19.6 degrees.

Different wind tunnel tests showed discrepancies with each other
in their predictions. Generally, however, flight test data exhibited
lower lift at the same angle of attack, and lift curve slooes that were
less than most wind tunnel oredictions. Flight test drag coefricient
data were also generally slightly less than wind tunnel data with the
result that flight L!/'s were similar to wind tunnel predictions.

Some Mlach number effects were apparent in the flight data. Flight
lift curve slopes did not change appreciably with changing M4ach number.
Hewever, lift coefficients at the same angle of attack showed significant
dec-reases with increased i!ach number above M=0.9. Zero lift drag co-
efficient data were derived and showed the expected transonic drag rise.
The reduction in L/P. with increasingi Mach number which occurred in the
low subsonic Mlach range (0.5 -- ., . 0.7) was attributed to tip fin flow
sel aration. Fliqht norformance data substantiated the tim fin flow
sei.aration boundary which was developed from hinge moment data and tuft
a ,,ton ear-ly in the fligi 1. test pr-ogram.

The effects on performance of control flap configuration were found
to be a total wedge angle effect. This was manifested by a change in base
area which contributed a corresponding change in base drag. Plight chord
force coefficient data at low subsonic Mach numbers were found to be a
parabolic function of wedge angle which confLrmed wind tunnel predictions.

The d!rag coefficient increment due to the landing gear alone rarged
from 0.0A0 to 0.035. The total effect of landinqg gear deployment (land-
ing gear plus an increase in wedge angle due to trim change) produced a
reductio: in L/DPi1ax of 37 percent in the final gear down landing configura-
tion (Li, = 0 degrees).

The speed brake featuare of the X-24A control system, which was
de'velopeci during the test program, provided the capability for a variation
of I-/Da:. from 4.25 to 2.10 at Mach numbers below 0.8.

APPENDIX I

FLIGHT TEST AND WIND TUNNEL
THEM PERFORMANCE DATA
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APPENDIX I1

ANGLE OF ATTACK CORRECTIONS

Figure i shows the results of a calibration performed on the angle
of attack vane attached to the nose boom in the full scale wind tunnel
at a Mach number of 0.2. In an attempt to verify the wind tunnel re-
sults, data from the second flight are also presented. Flight data were
obtained by computing flight path angle from radar data and subtracting
it from the measured pitch angle to obtain a true angle of attack while
the vehicle was at zero bank angle. This is not a very accurate technique
due to wind effects and inherent inaccuracies in the radar data. The
data, though scattered, substantiated the wi-d tunnel c-Aihration cf thaX -4A angle ot attack vane and established hiyhe, confidence in the wind
tunnel results.

The nose boom was mounted at a 6-degree nosedown angle with respect
to the longitudinal axi.s of the vehicle to minimize errors in the air-
speed system pressure measurements. The true anglo of attack as estab-
lished by the wind tunnel (aT) was defined by the relationship

8 ( Cboom + 6 deg
uT 0.87 (1i) 1•.5 1.15

where ai = bboom + 6 deg

From tnis equation

I•'•= c•i- aT •i - (0.87 i) = 0.13 ui

at 0.2 Mach number.

To obtain the total upwash coriection throughout the subsonic Mach
number region, an attempt was made to compute the body and noseboom up-
wash effects using the methods of reference 10. The asymmetric shape of
the X-24A made it very difficult to calculate the body upwash effects.
Calculations were made using equivalent bodies of revolution generated
individually by the top, bottom and side contours. Another calculation
used the cross sectional area distribution of the X-24A to compute the
radius of an equivalent body of revolution at a series of stations
aiong the body. Both these methods yielded values for ý,,/cxi at 0.2
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Mach number that were less than half the wind tunnel value, and so were
discarded.

Finally the equation from the original wind tunnel curve,

(bom+ 6deg)

= bm1.15

was modafied to incorporate compreosibility effects by applying a Mach
function to the correction factor as follows:

(a boom. + 6 deg)
•T 1 + . 15 -VI -

This expression is plotted in terms of a E /.i versus M in figure 2
along with the full scale wind tunnel point.

A correction was also made to angle of attack for the effects of
boom bending due to normal accelerations (Aubb). A final correction was
made to e for pitch rate on the a vane which was 17.1 feet forward of
the vehicle's center of gravity (Aacq).

Therefore, true angle of attack was obtained from the following
sumnation:

Cboom + 6 deg
2= + tiabb + Aq

i + .15 " M€ q

where

AObb = (.0666) (azb - I)

•a q (17.1)(q/Vt)

1
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APPENDIX III

X-24A POSITION ERROR
DETERMINATION

This appendix was adapted from an AFFTC Flight Test TechnologyI
Branch meno writtcn by Christopher J. Nagjy in 3anualy 1971.

118



INTRODUCTION

The position error measurement on the X-24A lifting body presented
problems that are not encountered on most other types of aircraft. The
common methods of position error measurements such as the tower fly-by,
the ground speed course and the pacer would not work with the X-24A be-
cause there was little time spent in stabilized flight. The X-24's only
power source was a rocket engine, whichi made it a boost-glide type ve-
hicle. Thus, the air-craft was either gaining or losing energy very fast.
This means that the altitude and/or airspeed was increasing or decreasing
rapidly. These changes in altitude and airspeed introduced problems of
lag in the static and dynamic pressure and transients in the position
error. In addition, problems in the instrum9entation were encountered.
'Tese problems and their solutions will he discussed in this appendix.

TECHNIQUE

The method of obtaining the position error is basically a comparison
between the aircraft-measured static pressure and the actual static pres-.p

sure at a given altitude. The data was prepared in a P form an( a
KM form where: q ' Ic

• i- M -- f 1.i - - )DC ]C 1C, --

qci
ic

from ecuation 5.65, page 74 of reference 6.

From equation 5.5, page 53, reference 6,

-. ~ic L*c. icic
"..p

C], effects were teg lcte~i so that is a function of instrunent
i c qC.

. C
corrcte'd Mach numiber only. The aircraft measured a static pressure and
a dynamic pressure using a standard NASA nose boom. The dimensions of
uitn-s boom arc given in figure 6. The actual static pressure was calcu-
latch from a Rawi nsunde baLloon te..mperature versus altitude curve using
tile hydrostatic equation (equation 1.17, page 87).

Once the necessary parameters were obtained, the first step was to
limit the usab],i portions of a flight to those where the climb or sink
rate was less than 150 teet per second. This helped to eliminate the
lag problee. The second step was to select times that gave Mic values
at a-vroxi matcv 0.005 increments between the minimum and the maximum
;*:ic values available within the usable portions of the flight. More
spacing than 0.003 gave uncertain data; less than this gave unnecessary
scatter. Once the times and Mic values were obtained, the Pa values
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,.cic .ikrived. First the altitudes at the specific times were recorded
1to1,; an altitude versus time radar track. Then Pa values were obtained
fez each altitude from weather balloon data. The Pic counts from the
vehicle were then recorded at the same times and two slightly different
calibrations were used depending on whether the pressure was increasing
or decreasing. (The pressure transducer transmitted digital counts to
the ground and calibrations were used to obtain pressure.) This was

,"P
done to account for hysteresis. Next, -q---was calculated for each M.

C. LIc

value and plotted versus Mic. Once the q values were known, -.M was
ic

found from the following equations (equations 5.63 and 5.65, page 67,

pc

2
(1.0 + 0.2M ) 23.5 _ P: =M - M. = ic [(1.0 + 0.2 M. )-0 -

PC xc 1.4 m. Ic acic

for .':M > .04:nc

1.4 m. "M 0.7 (1.0 - 1.6 M 2 D 2
xc pc _____c___

'P (1.0 0 O.2M. - (1.0 + 0.2 M U.t"
-__ ic -- 2 iC

S(1.0 + 0.2 Mic23" -1.0
xc

This equo-tion was solved to give a %M versus M. curve.
PC iC

RESULTS

The final data points of flights 10 to 13, 15 to 18, and 20, and
the faired lines are shown in figure 1. Similar curves are given for
comparison in figure 2 for the HL-10, another lifting body. Flights 1
through 9, the glide flights, were deleted for several reasons. First,
they could not provide information on the higher portions of the Mach
range, since, without power, the highest Mach number reached was about
0.7. Second, because the powered flights after burnout covered the same
regime as the glide flights, the same data could be obtained from the
povwered flights. Third, the Rawinsonde balloon release time for flights
1 through 9 was not close enough to the launch time for the Pa values to
be accurate. A late balloon release caused flight 14 to be deleted for
the same reason. Flight 19 data was consistently high, and although a
detailed study as to why was not made, a bad radar track was suspected.

Flight 21 data are noc shown because it was consistently low. A
closeor look at the radar altitudes indicated that the radar may havelost track and may have been "hunting" during this time period. Flights

22 ai:,i 23, although net graphed, gave consistent data on or near the pro-
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dicted curves. By flight 23, a fairly high level of confidence had bean
developed in the predicted curves. Succeeding flight data wore not
worked up since the Mach range was not extended beyond 1. 35. A pressure
system failure precluded use of data from flight 25 on which a maximum
Mach of 1.6 was reached.

DISCUSSION OF RESULTS

The data indicate a leveling off of the \Mpc 2urve below 0.55 Mic.
It was decided to retain a straight line betw-.en 0.55 and 0.35 to accom-modate th•e data netween 0.40 and 0.55. Below 0.3.5, the position error

was unimportant because the aircraft never flew below 0.35 Mach in thegear up configuration.

Transonic

The data indicated that the position error peaked around M"i = 0.920.
A detailed look at airspeed and altitude traces showed that the 5ynamic
pressure peaked at Mji = 0.920 and the static pressure at Mic = 0.940.
From this information one might expect a curve such as the solid line
shown in figure 3. on flight 18 almost no second break was visible, the
static pressure jump being masked by corresponding changes in dynarmic
pressure. Flight 20 showed a more pronounced break at Mic ý 0.945. To
accommodate the flight data during the Mach jump, the .LMDc curve was
drawn bnit s]iohviv outward as shown bv the dashed line (fioure 3) . This
seemed to fit all data points must accurately.

The data intercepted the A.Mpc zero line at about Mic = 1.075. A
position error of zero was used above Mach 1.075. Although plotted data
points are slightly negative supersonically the values are felt to he
well within the measuring accuracy of the system.

Correlation with Predicted Data

In April 1966, a study was made by the Martin Company in an effort
to predict the position error curve for the X-24A. Dimensions from the
existing nose boom were used in theoretical calculatior-; to obtain
AP/qc as a function of Mach. This curve is shown in figure 4. Agree-

menit between predicted and flight measured values was generally good,
and the agreement between Mic = 0.550 and 0.750 was exceptional. Lihe
Mach number at which the break point occurs (where the b'o wave passes
over the pressure ports) was the same in each case.

Particular Problems Studied

Lag

bag was studied for both the static and dynamic pressure systems

and estimates werc madie for each. The static pressure lag can 1e calcu-
lated from the equation (reference 6, equation 4.2, 4.9, page 29, 30)



up =
lag dt

Whre 32 mL2  Q•

Where 32 D2 (1 +-) lag constant
2 P LA

and m = coefficient of viscosity = 3.0 x 10-7 for X-24 temp range.

L = length of tub: ng, ft t 8.93

D = diameter of tubing, ft : 1.43 x 10-2

= ratio of specific heats s 1.4

P = applied pressure, 'psf

Q = instrument volume, ft 3 , • 1.447 x 102

2 -4A = cross sectional area of t ubing, ft • 1.605 x 10-

TIhis leads to
29-7

lag p dt

For a sink rate of 150 ft/sec at 40,000 ft

"Pa = (29.7 Tb-ec) (3.9 Ps-) (-9 ) = . psflag t2-) sec 391.6 psf 3

This was not enough to affect the validity of the results.

A similar study was made for dynamic pressure lag. Taking landing
as the most extreme case since the rate of change in dynamic pressure is
highest here.

qc 300 psf

S 15i
dit sec

• can be calculated similarly for the dynamic pressure system giving

2sfq g= (i.03 x 10 sec)(15 s•) = .155 psfC 1  Sec

Again this was not nearly enough to affect the results.
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Zero Shifts in the Aircraft Pressure System

There was some concern that pressures taken at the balloon release
time (within 30 minutes aftet landing) from both the balloon and the air-
craft were different by as much as four psf after being corrected for
altitude differences between the lakebed and the Rawinsonde station. The
question was raised wlhether a zero shift correction should be applied to
the X-?4 L,-essure to make it conform with the ground pressure of the
balloon. Starting with flight 14, checks were made on the two pressures
and the results are shown in the following table:

Table I

DIFFERENCES IN X-24A XND WI VI'HER BALLOON STATIC PRESSt)PE'S

Rawinsonde
Ground Pressure Minus X-24A

Grounid Pressure Corrected
to Lakobed Altitude Total Change

Pre-flight Post-flight Between Pro- and a

Flight No. Correction Correction Post-fiioht Checks

14 0.0 -2.9 2.9

15 +0.4 -2.0 2.4

16- I.7
17 I. -1.5 2,5

It cn be seen that the pro- and post-flight corrections were of
Opposite si(ins . The discrepancy was attributed to hysteresis in the
X-24A static pressure transducer. Hlysteresis, according to the manu-
facturer of the instrument is 7 psf. In actual calibration with pressure
increasing and decreasing, the apparent hysteresis was more like 3 psf,
which is in accordance with the change in pro- and post-flight checks.
It was therefore concluded that the data should not be corrected for zero
siLifts but that hysteresis cffects were of greater importance and should
be accounted for when applying the calibrations.

Time Shifts

T]h(e most important factor in reducinq the data was to insure that
the balloon passed throughi the flight altitude at approxima~ely the same
time of day that the fl icght occurred. Best results were obtained when
the, balloon rea,:hed flight altitude within 30 minutes of flight. time.
Fl. jht 14 is a good example of erroneous data because this rule was not
observed. Due to transmitting difficulcies, the balloon was not at alti.-
tude until four hours after the flight. Figure 5 shows the data accord-
ing to the late balloon; in addition.. data from a balloon seven hours
prior to the flight and the expected results are shown. Data from late
balloons may give good results depending on the stability of the atmos-
phere during that time period. However, arny attempt at correcting for
the time shift based on ground pressures is useless, since, while the
pressure at ground level may have changed I psf, the pressure at 40,000
feet may have changed 3 or 4 psf.
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Pacer

The first flight with the rockets called for a powered profile which
would keep the X-24A at a somewhat constant altitude and speed for a
rcasonable amount of time. Therefore, this opportunity was taken to use
a well calibrated T-38 pacer to establish some good points on the posi-
tion error curve.

The pacer pilot turned on the event light three times during the
flight indicating that he felt he was stabilized alongside the X-24A.
One point was taken during the powered portion at 35,000 feet and at an
X-24A Mic of 0.660. The other two points were taken in the pattern at
test indicated Mach numbers of 0.426 and 0.419.

Indicated altitude, velocity, and temperature data were taken from
the pacer photopanel and instrument corrected. This data was put into
a computer program along with corresponding X-24A data and the pacer
position error curve. The program computed position errors using a ".Hpc
method and a ,WVpc method.

The result.s show good agreement between the two methods for the
point at 0.660 Mach number. Values for A' p/q were 0.058 and 0.062

which correspond to AM's of 0.023 and 0.025. These values were close to
the other data which gave a AMpc of 0.029 at 0.660 Mic.

The two mcthods did not show good agreement tor Thk two points iii
the pattern. Values for ,P /, ranged from 0.115 to 0.067 correspond-

ing to ',M cs of 0.027 to 0.015. However, all points fall within the
scatter oT the other data.

The pacer points give good support to the data obtained through
the other method explained in the report.
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APPENDIX IV

DIGITAL COMPUTER PROGRAM FOR
DETERMINATION OF

PERFORMANCE CHARACTERISTICS

This computer program was written by David F. Richardson of the
Flight Test Technology Branch.
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An IBM 1620 digital computer program was used to correct flight
data and compute performance characteristics of the X--24A. A computer
listout of the program is shown in figure 1. A list of equations used
in the program is also presented. The following corrections were made
to the flight data by the program:

"1. A correction to the accelerometers for a pitch misalignment angle
c with the X- and Z-axes.

2. A correction for displacement of the accelerometers from the test
center of gravity.

3. A correction to trim elevator position for pitch rate and for cg
variation from a wind tunnel reference of 57 percent. This refer-
ence cg was used as the standard cg in the computer program. During
the pushover/pullup the pitch rate was sustained by a 6e input which
contributed to lift and drag. Therefore, it was necessary to know
the derivatives Cmq, Cm6e, Cc6e , and CN6e , in order to take out the
normal and chord force increments due to the 6e increment required
to maintain the pitch rate. From pitch rate (q), Cmq, and Cm 8e, it
was possible to determine the 6e increment required to maintain the
test pitch rate. The normal and chord force increments associated
with this 6e were subtracted from the test values of CN azid Cc to
obtain the total test coefficients. The test values were then added
to ACN and ACC due to variation from the standard cg to obtain the
total standard coefficients for zero Pitch rate at 57 percent cg.

Values of CI, and CD at 57 percent standard cg were computed along
with standard L/D by rotating the body axis coefficients using true angle
of attack. The program printed out corrected trim elevator position, CN
and Cc test. and standard values for CN, Cc, CL, CD, and L/D. The longi-
tudinal stability and control derivatives, Mach number, and angle of
attack, which were input data were also printed out for each data point.
A sample printout is shown in figure 2. Table I gives a list of all
symbols used in the program.
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C L/D DETERMINATION
TYPE 1

I FORMAT (//25X,18H LID DETERMINATIOM!/)
READ 3

3 FORMAT (20X 27H A/C TYPE FLIGHT NO. DATF,20X)
TYPE 3
TYPE 25

25 FORMAT (//48H TEST CN AND CA CORRECTED TO STANDARD CG AND 0-0)
TYPE 26

26 FORMAT(//2X7H MN/CNT,4X10Il1 ALPHA/CAT,3X9H CNDE/CNS,3IX9H CADE/CAS)
TYPE 27

27 FORMAT (L.0XPIOX 9H CMDE/CLS,3X RH CMQ/CDS,2X IIH DEC/(L/D)S//)
READ 2,TWT,TMAC,SAREA,E,X,Z
READ 2 DXCG D7CG,DXAX,DYAX,DZAX,DXAZ,DYAZ,DZA7.
CK=1 .7f532y3E-0?
E -E*C K

10 READ 2 H-T P R VPP DR
READ 2,CN E CADE,CMDE,CM( ' DE
READ 2,MN 'QB,VT ,ALHX,AZ,Q,DQ.

2 FORMAT (8F10.0)
VT=VT*1 .688
AXC=AX*COS( E )-A7*S IN(E)
AZC=AZ*COS(E)+AX*S IN(E)
AG-32. 175-(3.086E-06) *HT
AXCGASAXC+( CK*(DYAX*DR-DZAX*Do)+CK**21*fVXAX*( Q**2+R**2)) /AG
AZCG-AZC-(CK*(DXA79kOQ-OYAZ*DP)+CK**2*f)ZAZ*(Q**2+P**2)) fAG
CNT-AZCG*~WT/(QB*SAREA)

DDET= CM. Q*TMAC*CK/( CMDE*2. 0*VT)
CNTC-CNT+DDET*CNDE
CATC-CAT+DDET*CADE
DCMCG=(D)XCG*CNTC-fJZCG*CATC )/TMAC
DDES--DCMCG/CMDE
CNS-iCNTC+DDES*CNDE
C AS-C ATi ,DDE S*AD E
ALPHI1 ALPHA*CK
CLS-=CNSkCOS (ALPH1 )-CAS*S IN(ALPHI)
CDS-CAS*COS (ALPH1 )+CNS*S IN(ALPHI)
SLDR-~CLS/CDS
IF(Z*) 21 21,20

20 DDET=DD~f/CK'
DDES=DDES/CK

21 DEC-OE4+DDET+DDES
TYPE 29,MN,ALPHA ICNDE 'CADE CMVE,CMQ,DEC
TYPE 29 CNT CAT CNSCAS CLý,CDS.SLDR

29 FORMAT ?F9.?9,F13L6*5F12.6)
TYPE 30

IF(X) 15,15,10
END

"*Ind c ates ani exnornert.

Figure I Per~ormance Digital Computer Program Lisfout
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pm

EQUATIONS USED IN PERFOP'.ANCE DIGITAL COMPUTER PROGRAM.

"Correction to Accelerometers for )itch -MsAli n ctt_

a = a COS E - a qin e

a cOs c + a sin c
c

zc

Altitudc .orrectioi. to Acceleration due to 'ravity

a = 32.175 - (3.086 x 10-6) iI
g

Cor.-ec ion to Accelerometers to Test cr,

a ax (AYUx I. - Azax " + Ax + ÷ r 2 )
cg c

g

a A (AZ , - Aaz , az (,2 + p2 )

a

wnere

+6x = distance of accelerometer forward of test eg in ft

+Ay = distance of accelerometer rwght of test cg in ft

+Az = distance of accelero:rieter down from test cg in ft

subscriP•t ax - longitudinal accelerometer

az - normal accelerometer

Calculation of C and C from Corrected Accelerations

CT11 = (a .g 4)/(o . S)

CC (T - W , a )/(qc S)

Correction to Elevator for Zero Pitch Pate

A•et C M q CI6e .2V

n tl



Correction to C"- and C for Elevator irish Change

C C, + A6et C..IN ti 1 r'6e

,c 'CLc + f•oet C C 6e

ChanLe_ in Pichin '.'ortent induced b.y Translating "ier;t c• to a tF

P2ercentL Standard Qý,

A C = (Ax . C - Az E )/ cCC- cg "T g Cc

where

+Ax distance of test cg forward of 57, standard cC, in ft.

+Az c distance of test c down from 575 standard c" ir. ft

Correction to -:levator tc Prodhice ,ero Pitch rate at Stsndard cg

A6e ic %A
cg .6e

Caorrection to '.. and C for Lievator "ri~r ('hqnr to E-tandnrd c$..i c

C. C., + t Se .
"" c 6e

C C + Ae CCc •C Tc s C6e

Calculation of CL, C,, and LiD at 5', P'eruent `.andard cg

C = C .. cos a -C sin a

j)" - cos a +C. sins a
C

L/D = C /CC D)

Calculation of Total Elevator Deflecaion Corrected to Zero Pitci"
Rate at ,i Perceirt Standard cg

6e = 6e + AMe + AMe
c t s

itsE



L/D DETERMINATION

X-24A X-3-5 21 AUG 69

TEST CN AND CA CORRECTED TO STANDARD CG AND 0.=O

MN/CNT ALPHA/CAT CNDE./CNS CADE/CAS
CMDE/CLS CMo/CDS DEC/(L/D)S

.487000 9.010000 .410000 .074000 -. 110000 -,358000 3.518786

.314289 .023167 .301042 .020776 .294074 .067665 4.345976

.488000 9.300000 .415000 .0721300 -. 110000 -. 359000 3.728989

.330789 .024566 .315933 ,021989 .308227 .072756 4.236444

o'39000 9.120000 .410000 .073000 -.110000 -. 35,000 3.265271
.324826 .024363 .310338 A021783 .302962 .070697 4.285311

.491000 9.150000 .410000 .073 000 -.110000 -.360000 3.412839

.321896 .02P:172 .307890 .026478 ;29;762 .075102 3.9'1389

'.49i000 9.330000¢ .417000€ .072000• -.110000•¢, -.'60000 2.27,420•3

.319780 .025588 .305837 .023180 .2t8O33 .072456 4.113252

.491000 10.070000 .425000 .071000 -.110000 -. 36 0 00 .981107

.350825 .01923's .337036 .016431 .328883 .075601 4.350223

.492000 12.060000 .450000 .066000 -. 109000 -.360000 .3j3309

.41P277 .011253 .401553 .008653 .390882 .092361 4.232091

492000 13.740000 . i167000 .062000 -. 108000 -.360000 -. 882719
:456329 .003263 .4351 7 .000457 .422634 .103811 4.071185

.451000 14.110000 .470000 .060000 -.107000 -.360000 -!.973856

.472640 .001601 .448656 -.00 1I 5,9 .435476 .1 07. 59j 4.033700

Figure 2 Sample Output from Performance Digital Crniputer Program
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Table I

PtElCJRtLdNCL DIGfTA:. COM.PUTER IROG-RAYl SY.MFOtLS

___________ Pogar SymTbol Un;t ______

T lb

Mean aerodynarilecor ft

Dynamlic pressure QB lb/ft
2

Mach number MNf.-

Correctedi altitude HfT ftt

True airsreed VT k t

True angle Oi attack ALPHA drnq

Tlunqittainal acceleratior. AX. Y-S

Normral accelerat'oa AZ ;

X Distance to test cq ft

7 DhSt~apce to test eqDZC^ ftZ

Dlistances of lznaitudiiial DXAM ft
accelerometer from DYAX ft
test eq LiZAX- it

Di)jetances of nore-al P)XAZ ft
alccelerometer from DYA Z ft
test co DZAZ ft

Poll rate- P deg/sec

[Pitc.1 rate de/se

Yiw ae ,/e

Poll aceeeratIO:i Up dgtr

Pitch a~cclicatio)n OQ deq,'sec
2

iYaw acceleration pP d~eq/se-
2

CA D F dec id

Ca. Cf-I deg"- or rad1

Cc _ _ CM0 r ad-~

kccei--roveter at iqnmcnr. ancgle deq

Con-e-rsicn constant CK ral/deq

Accelerati~ons corrýcted for AicC q .S

Accelematior,.s corrected to AX C rad/see
2

zero rotation raLCes AZCG cae/_ec
2

Tesýt nor,ral force coefficient eNT -

-ist axial force coeffic7ient CAT -

-:!ateito currectmo-i for UIhIdcf

pitch rate

F is .orrmai 311J axial. C:- -

-eý; eoefrj-ien-s correctrci CA'rC
tc, (tr pitch rate,

Cý :rrectior. to y~tc)ý:-nrmq renomi u C 1.1

Crcct ion to L ic-ator ildeg

Ston lard normail andi axial CNS-

an13r !ift* and' drag CL- -

ce~fti~entsCDs -

Sinrdlift 1-1 dragj Sa~ SL DR --

Lasitiem oLii~ dAeg3,4- - - - -- -
Fjigcc cu,ý ))~toiLE e

,4



APPENDIX V

TIP FIN FLOW SEPARATION STUDY

This appendix was adapted from an '-PFTC Flight Test Technology
Branch memo written by Robert G. Hoey in January 1970 after flight eight
of the test program.
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INTRODUCTION

Flow separation over the inner tip fin and rudder surfaces (tip
fin stall) has occurred on each of the eight X-24A glide flights. The
existence of separated flow is apparent in the rudder hinge moment and
accelerometer data. It has been verified by tuft photos taken from the
center fin camera and from chase plane photos. This has been manifested
to the pilot as a mild, high frequency, Mach-type buffet.

TEST DATA

Tuft photos of the right tip fin from the center fin camera for 3
flight conditions are shown in figure 1. Three typical rudder hinge
moment time histories are shown in figure 2 as the flight conditions
crossed the tip fin stall boundary. These hinge moment traces are for
the right rudder surfaces. The left rudder traces are generally similar,
but the transition between attached and separated flow appears to be
more gradual on the left side. Correlation between tuft photos and hinge
moment traces for the onset of separation is good.

DISCUSSION

Analysis of wind tunnel data showed a large variation in the
derivatives Cn, and C_ for the Mach/angle of attack region in question
(figure 3). The point of nonlinearity was probably related to the stall-
ing of the tip fin. Notice in figure 3 that increasing the upper flap
setting tended to increase the level of static stability in the region
cf separated flow but did not alter the angle of attack at which the ilow
separation occurred. Wind tunnel data at other Mach numbers showed simi-
lar trends and the apparent stall angle of attack has been plotted versus
Mach number in figure 4. The flight conditions for the tuft pictures are
shown by the three numbered circles. The three hinge moment time histories
arc represented by the arrowed lines. Reasonable correlation can be seen
between the wind tunnel stall boundary and the flight test data points.

A summary plot of all observed separation or reattachment occur-
rences is shcwn in figure 5. These points represent a variety of upper
flap and rudder bias configurations (L'U8 = -21 degrees, -23.5 degrees,
-30 decrees; ýRB = 0 degrees, -5 degrees, -J0 degrees). Although there
is a considerable amount of scatter in the plotLed data, efforts to
separate out the possible effects of -adder bias, upper flap bias. side-
slip angle, rudder trim, or righit versus left tip fin stall have been
unsuccessful. It does appear that the intensity of the hin;e moment
vibrations was less in the stall region at the higher upper flap settings,
a trend similar to that observed in the wind tunnel variations of Cn.
and C, (figure 3)

The tip' fiA stall probably occurred when the local flow near the
fin leading edge reached sonic velocity. This is indicated by the strong
dependence of the stall boundary on Mach number and angle of attack.

A two-dimensional flow analysis for the tip fins conducted by '.. Banner,
.ASA Plight Research Center, using wind tunnel pressure data confirms

LhC' possibility of local Mach numbers approaching 1.0 at freestream Mach
nuy'itors as low as 0.6.
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EFFECT ON FUTURE FLIGHTS1

The tip fin stall observed during test flights to date has not
produced any noticeable degradation in the inherent aerodynamic stability
or controllability of the X-24A. The flow separation has, however,
always occurred asymmetrically (or with asymmetric intensity) such that
steady state pilot lateral control inputs of as much as 20 degrees have
been required to maintain wings level flight. Since the lateral control
power is quite low this could produce a dangerous situation if the
asymmetry becomes worse at higher Mach numbers. Rudder trim has been
used very effectively to compensate for a steady lateral mistrim; how-
ever, momentary angle of attack or configuration changes near the stall
boundary produced transient lateral motions which were quite annoying
to the pilot.

Analysis of the wind tunnel data before the first flight produced
the boundary shown by the dotted lines in figure 5. This boundary was
based upon analysis of the upper flap lateral control data which shows
a sharp drop in effectiveness for flight conditions above this line.
Note in tuft photo No. 2 that the flow over the upper flap is still
attached even though the tip fins are stalled. This flight condition
is above the predicted tip fin stall boundary, but below. the predicted
upper fiap stall boundary. It is therefore anticipated that the predicted
upper flap stall boundary is probably still valid with consequences which
Smay be more severe than those associated with the tip fin stall. Since
this boundary does appear to be a function of upper flap position larger
upper flap settings should be used during exploratory flights to higher
%.ac-h numbers.

CONCLUSIONS

The tip fin stall observed on X-24A glide fliqhts appears to corre--
late with nonlinearities in certain wind tunnel derivatives and is not
in itself cause for concern. The flow separation boundary is most likely
associated with the occurrence of sonic velocity near the tip fin leading
edge and appears to be a primary function of only Mach number and angle
of ,ttack. Lateral-directional trim requirements associated with asvm-
metric tip fin stalling (or asymmetric intensity of the flow separation)
was annoying to the pilot and could have become dangerous if the asvm--
metrv became more severe at higher Mach numbers. Predicted boundaries
for flow seoaration over the upper flaps are probably still valid and
should be considnred in the planning of high Mach number flights.

1
Flights subsequent to this memo did not invonidate these statements.
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